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After the initial discoveries fifteen years ago 1, 2 , over 200 extrasolar planets have now been detected. Most of them orbit mainsequence stars similar to our Sun, although a few planets orbiting red giant stars have been recently found 3 . When the hydrogen in their cores runs out, main-sequence stars undergo an expansion into red-giant stars. This expansion can modify the orbits of planets and can easily reach and engulf the inner planets. The same will happen to the planets of our Solar System in about five billion years and the fate of the Earth is matter of debate 4, 5 . Here we report the discovery of a planetary-mass body (Msini 5 3.2M Jupiter ) orbiting the star V 391 Pegasi at a distance of about 1.7 astronomical units (AU), with a period of 3.2 years. This star is on the extreme horizontal branch of the Hertzsprung-Russell diagram, burning helium in its core and pulsating. The maximum radius of the redgiant precursor of V 391 Pegasi may have reached 0.7 AU, while the orbital distance of the planet during the stellar main-sequence phase is estimated to be about 1 AU. This detection of a planet orbiting a post-red-giant star demonstrates that planets with orbital distances of less than 2 AU can survive the red-giant expansion of their parent stars.
With an effective temperature close to 30,000 K and a surface gravity ten times that of the Sun 6 , V 391 Pegasi (or HS 220112610 from the original Hamburg Schmidt survey name) is one of about 40 hot subdwarf B stars showing short-period p-mode pulsations 7 . Its pulsational spectrum exhibits four or five pulsation periods 6, 8 between 342 and 354 s (see Supplementary Information for more details on the star's properties).
Because of their compact structure, subdwarf B pulsators have extremely stable oscillation periods, like white dwarf pulsators. It is therefore possible to register very small differences in the arrival times of the photons 9, 10 , which in principle allows the detection of lowmass secondary bodies 11 , through the use of the observed-calculated (O-C) diagram 12 (see Fig. 1 legend for more details). Functionally, it is equivalent to the timing method used to find planets around pulsars 1, 13 . When a pulsation period changes linearly in time, the O-C diagram has a parabolic shape, as confirmed by all the previous measurements of dP/dt (or _ P P) in compact pulsators 9, 14, 15 . The same behaviour is found in the O-C plot of V 391 Peg (upper panel of Fig. 1 ), implying that the main pulsation period of the star is increasing at a rate of _ P P 1 5 (1.46 6 0.07) 3 10 212 (or 1 s in 22,000 years). For V 391 Peg a simple second-order polynomial does not give a satisfactory fit and the sinusoidal residuals require further interpretation (lower panel of Fig. 1 ). An oscillating _ P P is not compatible with any evolutionary or pulsational model: it would require that the star expands and contracts periodically every 3 years, a time much larger than the dynamical timescale, which is of the order of 500 s for a subdwarf B star. Nor can the sinusoidal residuals be explained by any known pulsational effect. Random period variations 16 are also not a possibility because these variations would be cancelled by the large number of pulsation cycles (.28 for each point in Fig. 1 ).
The simplest explanation for the sinusoidal component of the O-C diagram in Fig. 1 is a wobble of the star's barycentre due to the presence of a low-mass companion. Depending on its position around the barycentre of the system, the subdwarf B star is periodically closer to, or more distant from us by 5.3 6 0.6 light seconds and the timing of the pulsation is cyclically advanced or delayed. From our best fit and Kepler's third law (assuming a circular orbit, M 1 5 0.5M Sun , where M Sun is the mass of the Sun, and M 2 = M 1 ), we obtain: P orb 5 1,170 6 44 days (or 3.20 6 0.12 years), a 5 1.7 AU and M 2 sini 5 3.2M Jupiter , where a is the planet-star separation and 1 AU is the mean distance between the Earth and the Sun. The orbital parameters of the system are listed in Table 1 . This interpretation is robust: the Distance from the star{, a (AU)
{ These numbers are obtained assuming M 1 5 0.5 6 0.05M Sun (suggested from asteroseismology) and
same sinusoidal component is also found in the O-C diagram of the secondary pulsation frequency of the star (see Figs 2 and 3 for more details). Any alternative interpretation of our results would have to be compatible with this fact. The sinusoids in the lower panels of Figs 1, 2 and 3 suggest a circular orbit. From our observations we cannot yet set a precise upper limit to the eccentricity, but it must be close to zero. Using the known characteristics of the V 391 Peg system, we can determine a first estimate of the planet's effective temperature by balancing the flux received from the star with the blackbody flux re-radiated by the planet (see Supplementary Information for more details). Assuming a Bond albedo of 0.343 (similar to that of Jupiter 17 ), we obtain an effective temperature for the planet of about 470 K, corresponding to a maximum of the blackbody radiation near 6.2 mm from Wien's law.
With a projected radius of about five light seconds, the wobble of the barycentre of V 391 Peg points towards a planet (for comparison, the amplitude of the solar displacement around the barycentre of our Solar System is almost three light seconds). However, depending on the unknown inclination i of the system, a brown dwarf or even a lowmass stellar companion cannot be totally excluded. But the low inclination required (2.5u# i # 14u for a brown dwarf or i # 2.5u for a low-mass stellar companion) has a very low probability (3% and 0.1% respectively), assuming a random distribution of orbital plane inclinations.
Thus, with a 97% probability, V 391 Peg b is the first recognized planet orbiting a post-red-giant star, making this system a unique laboratory in which to test the evolution of planetary systems during and after the red-giant expansion. With a probable age of the order of 10 Gyr (see Supplementary Information for more details), V 391 Peg b is also one of the oldest planets known. An interesting case of a brown dwarf that survived engulfment by a red giant was recently presented 18 ; the information about whether low-mass companions to red-giant stars survive engulfment in that system is complementary to that of V 391 Peg, because the two systems are very different. We note that only by studying planets of horizontal branch stars is it possible to The O-C technique is a way of measuring the phase variations of a periodic function, comparing the observed times of the maxima with those calculated from an ephemeris 12 . In our case, what is compared is the time of the first maximum of each single run (obtained by fitting the data with five sinusoids simultaneously, corresponding to the five pulsation frequencies) with the best ephemeris obtained fitting the whole (seven-year-long) data set. The error bars are given by s obtained from the least-squares sinusoidal fits. The upper panel shows that the fit of the long-term component by a second-order polynomial is significantly improved when we also use a sine wave. Fitting the data with both functions simultaneously reduces the value of the reduced x 2 from 14.1 (second-order polynomial alone) to 2.7. The lower panel shows the sinusoidal component alone. To obtain these plots, 418 h of time-series photometry from 167 nights of observation were used, from 18 different 1-m to 3-m class telescopes (see Supplementary Information for more details) . The number of photometric measurements for each point varies from 237 (the highest point with large error bar) to 26,081 (the first point on the left). In total, the number of photometric measurements is 109,531. The data were reduced following standard procedures for time-series photometry, using statistical weights 27 and barycentric time corrections 28 2,500 3,000 3,500 4,000 2,000 2,500 3,000 t (BJD -2,450,000) 3,500 4,000
In this version of the O-C diagram, all the runs of each observing season were combined and the phases were recalculated on these larger data sets. This reduces the noise (but also reduces the time resolution), so that in principle O-C diagrams can be built for each pulsation frequency of a multiperiodic pulsator. In this way, if the pulsating star has a companion, each pulsation mode can supply an independent confirmation of the periodic motion around the centre of mass. V 391 Peg has four or five pulsation periods; for the two that have sufficiently large amplitudes of 1% and 0.4% respectively, O-C diagrams can be obtained. As in Fig. 1 , the upper and lower plots represent respectively the O-C diagram of f 1 and its sinusoidal component alone. The error bars are calculated as in Fig. 1 .
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As for Fig. 2 but relative to the second pulsation frequency f 2 . Comparing the lower panels of Figs 2 and 3 , we see that the two sinusoids of f 1 and f 2 are identical within the errors. The agreement between periods, amplitudes and phases is always better than 0.2s. We obtain respectively 1,174 6 94 days versus 1,194 6 106 days, 5.9 6 1.6 s versus 6.0 6 2.3 s, and BJD 2,452,443 6 194 versus BJD 2,452,471 6 211 for the epoch of the first maximum. From the secondorder polynomial component of the fit in the upper panel, we obtain also a measurement of the secular variation of f 2 : _ P P 2 5 (2.05 6 0.26) 3 10 212 , which is different from _ P P 1 5 (1.46 6 0.07) 3 10 212 . The absolute values of _ P P 1 and _ P P 2 , which correspond to an evolutionary timescale P _ P P of 7.6 3 10 6 and 5.5 3 10 6 years respectively, match relatively well with theoretical expectations for evolved models of extreme horizontal branch stars 29 (even though their positive sign is more difficult to explain and suggests that the star is expanding, as confirmed by some tests done by one of us). We note that the difference between _ P P 1 and _ P P 2 excludes the possibility that the longterm component of the O-C plots is due to a secondary planet with a larger orbit. The error bars are calculated as in Fig. 1 .
isolate the effects of the red-giant expansion on a planetary system. Planets around white dwarfs must be strongly modified also by the asymptotic giant branch expansion, the thermal pulses and the final planetary nebula ejection 19 . Even though, in terms of orbit stability, the existence of V 391 Peg b is not surprising 20 , in terms of orbit evolution during the red-giant phase, the situation is less clear. There are at least two competing processes that determine the orbital evolution: mass loss from the star that causes the orbit of a planet to expand, and tidal effects that tend to reduce its angular momentum causing spiralling-in 21 . Neither the stellar mass loss nor the tidal dissipation are well-understood processes. For this reason, the destiny of our Earth is still a matter of debate 4, 5 . For V 391 Peg b the most likely scenario is that the planet never entered the stellar envelope (the maximum radius expected for a subdwarf B progenitor at the tip of the red-giant branch 22, 23 is of the order of 0.7 AU) and that the orbit of V 391 Peg b was tighter in the past owing to the strong mass loss of the parent star, with an orbital radius of about 1 AU when the star was still on the main sequence. This value is obtained by assuming that the stellar mass has been reduced from 0.85M Sun to 0.5M Sun , when tidal interaction (which is proportional to (R * /r) 8 ; ref. 24) can be neglected for a sufficiently large orbital distance r with respect to the stellar radius R * . In this scenario the increase of the planet's mass due to accretion from the stellar wind is negligible 20 . We note that in this case, incidentally, the orbital distances of V 391 Peg b and of the Earth, before and after the red-giant phase, are very similar: 1.5 AU is a reasonable value for the Earth after red-giant migration, when tidal effects are not considered 4, 5 . A different scenario is obtained if the mass loss of the red-giant precursor of V 391 Peg started sufficiently late: in this case the ratio between stellar radius and orbital distance could have reached a value of about 0.7, at which the star fills its Roche lobe 25 and mass transfer to the planet starts, causing the planet to spiral quickly into the outer layers of the giant's atmosphere. Here accretion is disrupted and the spiral-in due to accretion stops, so that the planet may have survived if the spiral-in due to friction was sufficiently low. The presence of planets with orbital separations =5 AU has been invoked by a few authors to explain the strong mass loss needed to form subdwarf B stars and partially explain the irregular morphology of the horizontal branch 26 .
